The Emeishan large igneous province contains a diverse assemblage of igneous rocks including mildly peralkaline granitic rocks of A-type affinity. The granitic rocks from the Panzhihua, Baima and Taihe plutons are temporally, spatially and chemically associated with layered mafic-ultramafic intrusions. Electron microprobe analyses of the major and accessory minerals along with major and trace element data were used to document the magmatic conditions of the three peralkaline plutons. The amphiboles show magmatic/subsolidus trends and are primarily sodic-calcic in composition (i.e., ferrorichterite or richterite). Sodic (i.e., riebeckite-arfvedsonite) amphiboles are restricted to the Panzhihua and Taihe plutons. The amphiboles from the Panzhihua and Taihe granites are very similar in composition whereas amphiboles from the Baima syenites have higher MgO wt% and lower FeOt wt% and TiO 2 wt%. Whole-rock Zr saturation temperature estimates indicate the initial average magma temperatures were $940 AE 21 C for the Panzhihua pluton, $860 AE 17 C for the Baima pluton, and $897 AE 14 C for the Taihe pluton. The initial F melt (wt%) values were calculated to be 1.1 AE 0.1, 0.8 AE 0.1 and 1.1 AE 0.1 wt% for the Panzhihua, Baima and Taihe plutons, respectively. The estimated F melt (wt%) values are higher than what can be accounted for in the Panzhihua and Taihe plutons and indicate that they may have lost F during crystallization. In contrast the F melt (wt%) value for the Baima pluton can be accounted for. The presence of titanite þ magnetite þ quartz in the Baima syenites indicates oxidizing fO 2 conditions whereas the presence of aenigmatite and ilmenite in the Panzhihua and Taihe granites indicate that they were relatively reducing. Although the Atype granitoids formed by the same processes (i.e., fractional crystallization of mafic magmas), their differences in major element and mineral chemistry are likely related to a combination of initial bulk magma composition and magmatic oxidation state.
Introduction
The bulk composition of a magma is ultimately responsible for the composition of minerals which crystallize within it; however, magmatic conditions, such as temperature, F-content, oxygen fugacity (fO 2 ) and water fugacity (fH 2 O), can greatly influence their composition and type (Mitchell, 1990; Scaillet & Macdonald, 2003 , 2006a Della Ventura et al., 2005; White et al., 2005) . Within peralkaline granitic rocks, the minerals and their composition can be used to determine the likely magmatic conditions during their crystallization (Charles, 1975 (Charles, , 1977 Giret et al., 1980; Strong & Taylor, 1984; Wones, 1989; Mitchell, 1990; Scaillet & Macdonald, 2001 Della Ventura et al., 2005; White et al., 2005; Martin, 2007; Pe-Piper, 2007) . For example, identifying the amphiboletype (i.e., sodic, sodic-calcic, calcic), as well as accessory minerals amongst consanguineous peralkaline rocks, is helpful to determine if there is a common genetic process or relationship between them (Mitchell, 1990; White et al., 2005) . Strong & Taylor (1984) and Mitchell (1990) have described sodic-calcic amphiboles from silica-saturated peralkaline granitic rocks as having magmatic/subsolidus or primary magmatic trends. The compositional trends reflect the substitution Al iv Ca $ Si (Na, K) and the progressive decrease in Mg# (¼ Mg ]) and Ca B with an increase in Si. Sodic-calcic amphiboles may have oxidation or late-stage reaction compositional trends as well (Strong & Taylor, 1984; Mitchell, 1990) .
Peralkaline silica-saturated volcanic rocks are volumetrically minor when compared to basalts within large igneous provinces but they have the potential to emit large amounts of sulphur to the atmosphere, which may contribute to ocean anoxia and mass extinctions (Scaillet & Macdonald, 2006b ). The Late Permian ($260 Ma) Emeishan large igneous province of SW China contains numerous granitic rocks with Atype affinity (Shellnutt & Zhou, 2007; Zhong et al., 2007) . The peralkaline A-type granitoids are temporally and spatially associated with layered gabbroic intrusions and in some cases fed sub-aerial volcanic eruptions (Shellnutt & Jahn, 2010) . Shellnutt et al. (2009a) have suggested that these rocks were derived by fractional crystallization of a common parental magma that produced both the granitic and cumulate gabbroic rocks. The Panzhihua and Taihe granitic plutons are compositionally similar, however the Baima syenitic pluton is compositionally and mineralogically different (Shellnutt & Zhou, 2007) . Although the bulk-rock compositions and petrography of the granitoids rocks are different, they have similar normalized trace-element patterns, isotopic compositions and ages. It is thought that the major-element differences between the Baima syenites and the Panzhihua and Taihe granites may be due to initial bulk magma compositions, temperature, F-content, magmatic fO 2 or any combination thereof.
Originally, mantle-derived peralkaline A-type granitoids were considered to form from reduced rather than oxidized magmas (Loiselle & Wones, 1979) . The rocks within the Emeishan large igneous province offer an excellent opportunity to examine the mineralogy from three, contemporaneous, mildly peralkaline, silica-saturated granitoids which are thought to originate by the same process. The purpose of this study is to examine the mineral compositions of the peralkaline granitoids in order to determine the likely magmatic conditions of their host rocks. Along with new mineral chemistry data we use previously published major and trace element data to estimate the initial magma temperatures, magmatic fO 2 and F melt (wt%) compositions.
Previous work
The Late Permian (260 Ma) Emeishan large igneous province of southwest China hosts a diverse assemblage of volcanic and intrusive igneous rocks (Ali et al., 2005) . Although the flood basalts are volumetrically (!95%) the largest component, there is a significant amount of withinplate granitic rocks ( 1%) (Fig. 1) . Many of the granitic rocks are consistent with the classification of ''A-type'' and are of peraluminous, peralkaline and metaluminous composition (Shellnutt & Zhou, 2007) . Within the Panxi region (Panzhihua-Xi Chang) of the Emeishan large igneous province, spatially and temporally associated with the peralkaline granitic rocks, are layered gabbroic intrusions which host world-class orthomagmatic Fe-Ti-V oxide deposits . The association between the peralkaline granitic rocks and ore-bearing gabbroic rocks has led to suggestions that the gabbrogranite complexes each formed by fractional crystallization of mantle-derived basaltic magmas (Shellnutt & Jahn, 2009 , 2010 Shellnutt et al., 2009a) .
The Panzhihua and Taihe granites are nearly identical in major-element composition although the Panzhihua granites have slightly higher TiO 2 and Fe 2 O 3 t while the Taihe granites have slightly higher K 2 O (Table 1) . In contrast, the Baima pluton is syenitic rather than granitic and, as a result, has a different major-element composition (Fig.  2) . In spite of the major-element differences, the plutons have similar average major-element ratios such as the alumina saturation index ( (T) isotopic values also fall within the same range (eNd (T) ¼ þ 1.5 to þ 3.2). The remarkable aspect of the Panxi peralkaline plutonic rocks is their similar primitive mantle and chondrite normalized traceelement patterns (Shellnutt & Zhou, 2007) . The normalized trace-element plots show the trace-element compositions are similar regardless of the bulk rock composition and imply that the rocks formed by the same process.
Petrography

Baima syenites
The Baima syenites are coarse grained and consist of perthitic alkali feldspar ($70 vol%), amphibole ($10 vol%), quartz ( 10 vol%), aegirine ( 5 vol%) and accessory amounts ( 5 vol %) of apatite, titanite, zircon, plagioclase, fluorite, biotite, ilmenite, magnetite and pyrite ( Fig. 3a-d) The alkali feldspar forms large ( 1.2 cm), subhedral to anhedral crystals with serrate boundaries which are occasionally separated from other perthitic crystals by an intergranular mixture of alkali feldspar, quartz and accessory plagioclase. The intergranular alkali feldspar and quartz are small (,0.3 cm) subhedral to anhedral, rounded crystals. Euhedral to subhedral, rhombic ( 0.5 cm), sodic-calcic amphibole (i.e., ferrorichterite or richterite) is the most abundant primary mafic mineral. The amphibole crystals are pleochroic (light blue to light green) and commonly associated with subhedral aegirine. The amphibole is interstitial to the alkali feldspar and quartz and is often associated with agglomerates of euhedral apatite, zircon, titanite, ilmenite, magnetite, fluorite and occasionally biotite.
Panzhihua granites
The granites are coarse grained and consist primarily of perthitic alkali feldspar, quartz and amphibole. Known accessory minerals include apatite, zircon, ilmenite, aenigmatite, Ce-monazite and titanite. The alkali feldspars are subhedral, rectangular to angular in shape and comprise 65-70 vol % of the mode. The crystals are usually 1.5 cm or less in length and have patchy exsolution lamellae instead of smooth linear lamellae (Fig. 3e, f) . Quartz ( 1 mm) comprises $20-25 vol % of the mode and is rounded to sub-rounded and interstitial to the alkali feldspar. Most often the quartz has formed an interlocking network between the feldspars, however in some cases it appears to embay the alkali feldspar. Interstitial to the feldspar and quartz is amphibole comprising $10-15 vol % of the mode. The amphibole has light blue-green pleochroism, is euhedral to subhedral and has angular appearance (Fig. 3e, f) . In many cases the amphiboles are breaking down to oxide minerals 46 J.G. Shellnutt, Y. Iizuka including hematite. Minor amounts of subhedral aegirine are also present but they are heavily altered. Accessory zircon, Ce-monazite, aenigmatite, titanite and apatite (,,1%) are occasionally found.
Taihe granites
The Taihe granites are texturally and mineralogically similar to the Panzhihua granites. The rocks are granular, coarse grained and consist mostly of alkali feldspar, quartz and amphiboles with accessory titanite, zircon, fluorite, Ce-monazite, aenigmatite and rare biotite (Fig. 3g, h ). The alkali feldspar is euhedral to subhedral with perthitic texture and is typically 1-2 cm in size and comprise $65-70 vol% of bulk mineralogy. The quartz is 0.2 cm, is rounded and interstitial to the alkali feldspar and comprises 20-25 vol% of the mode. There are sodic-calcic and sodic amphiboles present. The ferrorichterite ($10-15 vol%) is distinguished from the riebeckite/arfvedsonite by its colour and pleochroism. Some amphiboles are partially altered to a translucent red-brown mineral likely to be hematite. Small quantities ( 5 vol%) of subhedral aegirine, aenigmatite, anhedral zircon and ilmenite (rare) are also present.
Method and data processing
A total of 13 samples from the three peralkaline plutons, which include 3 granites (GS03-007, -011, -014) from Mineralogy from three Permian peralkaline granitoids, SW China 47 Data from Shellnutt & Zhou (2007) and Shellnutt et al.
Ce (LiF). Peak counting and both upper and lower baselines are counted for 20 s and 5 s on F and S, for 10 s and 10 s on Ca, Na, Fe, and Ti, for 20 s and 10 s on La and Ce, and for 30 s and 10 s on Sr, respectively. The WinAmphcal program, based on the nomenclature and classification scheme of amphiboles by the International Mineralogical Association (IMA), was used to classify and process the amphibole data (Leake et al., 2004; Yavuz, 2007) . The structural formulae are calculated based on minimum Fe 3þ , 13eCNK, tetrahedral Si and Al ¼ 8, and 23 oxygen atoms. All data are freely available in the supplementary material on GSW site of the journal at http://eurjmin. geoscienceworld.org
Results
Sodic amphiboles
Ninety-seven spot analyses of sodic amphiboles are from the Taihe and Panzhihua granites (Taihe ¼ 76; Panzhihua ¼ 21). The results show that the sodic amphiboles are riebeckite (37), arfvedsonite (50) and ferroeckermannite (10). The majority (66%) of spot analyses have a modifier such as fluorian, potassian or titanian whereas the others do not. Chemically all the analyses have similar concentrations of SiO 2 , Al 2 O 3 , MnO, CaO, Na 2 O, K 2 O and FeOt but TiO 2 can be variable (Table 2 ). The concentration of F is 1.6 wt%.
Sodic-calcic amphiboles
The sodic-calcic amphiboles are the dominant amphibole in all three plutons. The amphibole analyses are classified as ferrorichterite (95 analyses), richterite (25 analyses), ferrowinchite (7 analyses) and winchite (3 analyses). The most common modifiers of the sodic-calcic amphiboles are ferrian and/or fluorian as the F content is 2.7 wt%.
The sodic-calcic amphiboles generally have similar SiO 2 , MnO and K 2 O, however there are large differences with respect to the FeOt, MgO and TiO 2 and to a lesser extent Al 2 O 3 , Na 2 O and CaO (Fig. 4) . Figure 4a shows a negative correlation between Mg 2þ and Fe 2þ þ Fe 3þ suggesting a substitution relationship. The trend also reveals three distinct groups of the richterites. The first group has low Mg 2þ (,0.4 apfu) and high Fe 2þ þ Fe 3þ (.3.5 apfu), the second group has moderate Mg 2þ (1.0-1.5 apfu) and Fe 2þ þ Fe 3þ (3.8-3.1 apfu) and the third group has high Mg 2þ (1.8-2.8 apfu) and low Fe 2þ þ Fe 3þ (3.1-1.8 apfu). The three groups correspond to their respective host rock, Group I amphiboles are from sample GS03-097 of the Baima pluton, Group II amphiboles are from all samples of the Baima pluton excluding GS03-097 and Group III amphiboles are from the Panzhihua and Taihe plutons. Titanium can also subdivide the sodiccalcic amphiboles. The sodic-calcic amphiboles from sample GS03-097 have the lowest Ti (apfu) whereas the sodic-calcic amphiboles from the Panzhihua and Taihe granites have higher Ti than those from the Baima syenites (Fig. 4b) .
The richterite and winchite analyses are restricted to sample GS03-097. The compositions of the richterite analyses have similar concentrations for all major elements SiO 2 (49.9-52.8 wt%), TiO 2 (0.2-0.8 wt%), Al 2 O 3 (1.4-2.7 wt%), FeOt (17.6-23.1 wt%), MnO (0.9-2.0 wt%), MgO (8.2-11.6 wt%), CaO (3.1-7.1 wt%), Na 2 O (4.6-7.2 wt%), K 2 O (1.0-1.4 wt%) and F (1.5-2.5 wt%). The winchite analyses are very similar to each other. The ferrowinchite analyses are restricted to the Taihe granites and do not show significant chemical variation.
Aegirine-augite
Aegirine-augite is observed in all rocks and is the second most abundant mafic mineral in the plutons. The aegirineaugite from sample GS03-097 (Baima) has higher MgO (1.0-1.8 wt%) and CaO (4.6-7.0 wt%) and lower TiO 2 (,0.6 wt%), Fe 2 O 3 t (29.1-31.2 wt%) and Na 2 O (9.0-10.4 wt%) than the aegirine-augite from the Panzhihua and Taihe granites (Table 3) . Although the aegirine-augite from the Panzhihua and Taihe granites are similar, the crystals from the Taihe granites tend to have higher MgO, TiO 2 and CaO contents (Fig. 5) .
Aenigmatite
Aenigmatite is only observed within the Panzhihua and Taihe granites, it shows limited compositional variation. The crystals from the Panzhihua granites tend to have higher TiO 2 than the crystals from the Taihe granites although the MnO content is higher within the Taihe crystals (Table 4) . Generally, both groups of aenigmatite have higher TiO 2 and lower Al 2 O 3 than results reported in other studies (White et al., 2005; Grew et al., 2008) .
Titanite
Titanite is observed in all rocks, however it is more abundant within the Baima syenites. Nearly all the titanite analyses Macdonald (1974) . The compositional range of low fO 2 melts is shown in grey (Scaillet & Macdonald, 2003) . Data from Shellnutt & Zhou (2007) and Shellnutt et al. (2009a) .
Mineralogy from three Permian peralkaline granitoids, SW China 49 sum to ,97 wt%, which is attributed to the amount of trace elements (Table 5 ). It is known that titanite contains REE, especially the LREE, and Y in detectable quantities (Sahama, 1946; Smith, 1970; Higgins & Ribbe, 1976; Ribbe, 1980; Hughes et al., 1997) . Typically the AEREE can vary from a few ppm to a few wt% in titanite and preliminary results suggest that the titanite from the Baima syenites can contain up to 10 wt% AEREE þ Y (Shellnutt, 2007) . The amount of total iron, expected to be mostly Fe 3þ
, is typically ,3 wt% in titanite, however the results here indicate that some titanite contain up to 5.75 wt% Fe 2 O 3 (Ribbe, 1980; Deer et al., 1997a; Della Ventura & Bellatreccia, 1999; Frost et al., 2000) . The titanite from the Taihe granites are Na 2 Orich and have less Fe 2 O 3 and F than the titanites from the Panzhihua and Baima plutons. However, in general, the titanite is Fe 2 O 3 -rich and Al 2 O 3 -poor. The Cl content is negligible but the F-content is 1.2 wt%.
Apatite
The apatite is fluorapatite containing between 3.6 and 4.5 wt% F with between 0.4 and 3.8 wt% Ce 2 O 3 (Table 6 ). Due to the high F content, the apatites do not have calculated X OH . Some of the apatite crystals have high FeOt (.1.0 wt%) concentration. There does not appear to be a substantial compositional difference between the apatites from the three plutons for the exception of sample GS03-097 which has higher SrO and lower FeOt, La 2 O 3 and Ce 2 O 3 than the others.
Ilmenite and magnetite
Ilmenite is observed in all three plutons and can be subdivided on the basis of MnO content into four groups which correspond to their host rock (Table 7) . The ilmenite from sample GS03-097 has MnO wt% values between 6.3 and 11.1 wt% whereas the remaining Baima syenites have ilmenite with MnO values between 2.7 and 5.0 wt%. The ilmenite from the Panzhihua granites have moderate MnO content between 4.6 and 6.0 wt%, in contrast the ilmenite from Taihe granites have the highest MnO contents (MnO ¼ 9.0-15.9 wt%). The MnO content of ilmenite is unusually high, especially for the Taihe granites and sample GS03-097 (Baima).
Magnetite was found only within the Baima syenites. It is nearly pure end-member magnetite with ,1.2 wt% TiO 2 and no evidence of oxidation exsolution lamellae. There are very low ( 0.2 wt%) concentrations of Al 2 O 3 , MgO, MnO and Cr 2 O 3 (Table 8) .
6. Discussion 6.1. Magmatic/subsolidus trends of the amphiboles
The composition/type of amphibole (e.g., sodic or sodiccalcic) is related to temperature, oxygen fugacity (fO 2 ), abundance of volatiles and alkalinity (Charles, 1977; Mitchell, 1990; King et al., 2000; Scaillet & Macdonald, 2001 . The differences in amphibole composition Mineralogy from three Permian peralkaline granitoids, SW China 51 may therefore indicate localized changes in magmatic or post-magmatic conditions (e.g., temperature, fO 2 , oxidation/reduction reactions) or merely a difference in the parental magma composition (Neumann, 1976; Deer et al., 1997b) . Amphibole is the most abundant mafic mineral within the peralkaline plutons although there are variable quantities ( 5%) of aegirine phenocrysts within the Baima syenites. Whole-rock elemental chemistry of the peralkaline plutons is shown in Table 1 . It is clear that the Panzhihua and Taihe granites are similar in composition and that the Baima syenites are different (Fig. 2) . The abundance of quartz is the major mineralogical difference between the Baima syenites and the granites of Panzhihua and Taihe. The Baima syenites have 10 vol% modal quartz whereas the Panzhihua and Taihe granites have $20-25 vol% modal quartz which accounts for the differences in their bulk SiO 2 wt%. There are other differences in their mineralogy, in particular higher amount of fluorite, aegirine, titanite, apatite and zircon and absence of aenigmatite in the Baima pluton.
The amphibole compositions of the Panzhihua and Taihe granites are very similar whereas the amphiboles of the Baima syenites are different. This relationship is mirrored with the major-element data. The main differences between the Baima amphiboles and those from the Taihe and Panzhihua granites are the Fe 2þ þ Fe 3þ (apfu), Mg (apfu) and Ti (apfu) values (Fig. 4) . The amphiboles with the highest Mg (apfu) are richterite from sample GS03-097 of the Baima pluton. Overall, amphiboles from the Panxi plutons show similar compositional trends as sodic and sodic-calcic amphiboles from other silica-saturated peralkaline plutons (Fig. 6) . The amphiboles generally define magmatic/subsolidus trends, however there is evidence which indicates an oxidation or a late-stage reaction trend in the Panzhihua and Taihe granites, suggesting they may have had a different postmagmatic history from the Baima syenites (Giret et al., 1980; Strong & Taylor, 1984; Mitchell, 1990) . Alternatively, the oxidation trends may be a feature of postemplacement deuteric alteration.
The magmatic/subsolidus trends observed in the amphiboles suggest that there was a common evolution within each pluton in spite of their major-element differences. The compositional differences, in particular the MgO content between the amphiboles, are possibly related to the oxidation state of the magmas (Wones, 1989) . Therefore the compositional differences between the syenites and the granites may be due to the original starting composition and initial magmatic conditions (e.g., temperature, F-content, pressure and fO 2 ).
Magma temperature estimates
The initial magmatic temperature of some granitic rocks can be estimated using zircon saturation thermometry (Watson & Harrison, 1983; Hanchar & Watson, 2003; Miller et al., 2003) . Obtaining meaningful temperature estimates for peralkaline rocks is problematic because peralkalinity increases Zr solubility whereas F, a common constituent in peralkaline rocks, can suppress zircon crystallization and thus the host magma may not become saturated, producing meaningless temperature estimates (Watson, 1979; Keppler, 1993; Miller et al., 2003) . Watson (1979) pointed out that the crystallization of alkali-rich pyroxene (e.g., aegirine) and alkali-rich amphibole (e.g., ferrorichterite) may allow magmas to become saturated in Zr.
It is clear that the Zr content in the Panxi peralkaline granitoids is not necessarily higher in the samples which have high (Na þ K)/Al values, indicating that Zr saturation likely occurred (Fig. 7) . The calculated M ([Na þ K þ 2Ca]/[Al*Si]) values, of the Panzhihua (M ¼ 1.74 AE 0.09), Baima (M ¼ 1.88 AE 0.04) and Taihe (M ¼ 1.74 AE 0.05) plutons are within the experimental range specified by Watson & Harrison (1983) (Fig. 8) . The presence of magmatic zircon within all of the granitoids and their M values suggest the calculated Zr saturation temperatures may be reasonable (Hanchar & Watson, 2003) .
The Zr concentrations of the three plutons have a wide range (Panzhihua ¼ 635-1820 ppm; Baima ¼ 182-1256 ppm; Taihe ¼ 421-1400 ppm). Previous studies involving (Xu et al., 2008; Shellnutt et al., 2009b) . The estimated Zr saturation temperatures (T Zr C) were calculated for all three plutons (Fig. 9) . The Baima syenites produced the highest range of estimated temperatures between 755 and 950 C with the lowest mean (860 AE 17 C) (Fig. 9a) . The Panzhihua granites produced the smallest range of estimated temperatures between 871 and 1052 C with the highest mean (940 AE 21 C) (Fig. 9b) (Fig. 9c) . The temperature estimates for the Panxi plutons are within the expected temperature range of some A-type granitic rocks (870-950 C) and the results of MELTS modelling from previous studies (Clemens et al., 1986; Creaser & White, 1991; White et al., 2005; Shellnutt & Jahn, 2009 , 2010 Shellnutt et al., 2009a) . The high temperature estimates would suggest that the magmas were dry as evident from the hypersolvus feldspar although rocks of similar composition have lower temperatures and higher H 2 O contents, thus casting doubt on the results (Scaillet & Macdonald, 2003 , 2006a . However, the calculated temperature estimates are close to the range estimated by Pang et al. (2008a and b) for the end of oxide-silicate equilibration in the Panzhihua layered mafic intrusion ($950 C). The oxide-silicate equilibration temperature is important because it likely represents the time when the felsic magmas began to consolidate after fractionation of the mafic minerals in the Panzhihua intrusion. Considering the basaltic origins of the peralkaline granitoids and experimental studies, magmatic temperature estimates are not unreasonable (Clemens et al., 1986; Price et al., 1999) .
Initial magmatic fluorine concentrations
Using the fluorite stability calculation of Scaillet & Macdonald (2004) and the T Zr ( C) estimates, we have calculated the F melt (wt%) composition of the granitoids. The Panzhihua granites are calculated to have F melt (wt%) composition of 1.1 AE 0.1 wt% which is similar to the Taihe (F ¼ 1.1 AE 0.1 wt%) granites but higher than the Baima Mineralogy from three Permian peralkaline granitoids, SW China 53 and monazite (F % 7.0 wt%) comprise the bulk of the F-bearing minerals. Based on the observed modal mineralogy, the bulk F content for the Panzhihua granites should be $0.2 wt%. The calculated F melt (wt%) values for the Taihe granites are also too high as 15 vol% amphibole Mineralogy from three Permian peralkaline granitoids, SW China 55 (F % 0.5 wt%), 1 vol% titanite (F % 0.5 wt%), 0.05 vol% apatite (F % 5.0 wt%), 1 vol% fluorite (F % 43 wt%) and 0.05 vol% monazite (F % 7.0 wt%) would be equal to $0.5 wt% F. It is uncertain why there are discrepancies between the calculated F melt (wt%) values and the modal F contents of the Panzhihua and Taihe granites, but it could be related to deuteric alteration, devolatilization during crystallization or high calculated T Zr ( C) estimates. If the T Zr ( C) temperature estimates are incorrect, then magma temperatures must be between 600 C and 650 C in order to have the F melt (wt%) values equal to the calculated F values. However, F is typically lost during the subsolidus breakdown of amphibole to aegirine. There is textural evidence for such a reaction in both plutons and it is likely that the Panzhihua and Taihe granites lost F during subsolidus reactions or devolatilization, rather than incorrect temperature estimates (Scaillet & Macdonald, 2001 , 2006a .
In contrast, the calculated F melt (wt%) content of the Baima syenites are roughly equal to the observed mode (F amphibole % 1.5 wt%, F titanite % 1.0 wt%, F apatite % 5.0 wt%, F fluorite % 45 wt%) of the F-bearing minerals (F melt ¼ 0.8 AE 0.1 wt%, F mode ¼ 0.7 wt%). There is some textural evidence for the breakdown of amphibole to aegirine but both minerals appear as separate phenocrysts thus the bulk F content is accounted for in the Baima syenites.
Magma oxidation states
The oxygen fugacity (fO 2 ) of igneous rocks may be determined by analyzing mineral pairs of ilmenite and magnetite and also fayalite and clinopyroxene and ilmenite and aenigmatite (Buddington & Lindsley, 1964; Anderson et al., 1993; White et al., 2005) . Generally, the mineral assemblages of the Panzhihua and Taihe granites are very similar and since they both contain aenigmatite and ilmenite, estimates can be made on their likely fO 2 conditions (White et al., 2005) . The Baima syenites, in comparison, are mineralogically and chemically different which may indicate a different magmatic oxidation state.
The Baima syenites do not contain aenigmatite but the presence of titanite, quartz and magnetite indicates fO 2 conditions at or above the FMQ buffer (Charles, 1977; Wones, 1981 Wones, , 1989 Platt & Woolley, 1986; Xirouchakis & Lindsley, 1998) . Applying the equilibrium equation of Wones (1989) , estimated log fO 2 values for the Baima syenites fall along the TMQ-HD IL curve (Fig. 10) . The calculated values are assumed to be the maximum because Xirouchakis & Lindsley (1998) have suggested that the titanite-magnetite-quartz assemblage is not necessarily higher than the FMQ buffer.
The aenigmatite-ilmenite assemblage within the Panzhihua and Taihe granites indicate that they formed under lower fO 2 conditions than the Baima syenites (Lindsley, 1971; Marsh, 1975; Borley, 1976) . The ilmenites from the Panzhihua and Taihe granites have higher TiO 2 and lower FeOt than the Baima syenites. The ilmenite from the Taihe granites consistently has higher MnO content (MnO ¼ 9.0-15.9 wt%) than the other plutons. White et al. (2005) have shown that fO 2 conditions can be estimated if aenigmatite and ilmenite are present within silica-saturated peralkaline lavas. Using the equation log fO 2 ¼ À24,698/T þ 10.293 À 0.215 (P À 1)/T þ 2log(aHem) þ log(aIlm) where temperature is in kelvins, pressure in bars and aHem and aIlm are the activities of the Fe 2 O 3 and FeTiO 3 components within ilmenite, we have attempted to estimate the fO 2 of the Taihe and Panzhihua granites (White, pers. comm.) . Due to the high pyrophanite (Mn) and ilmenite (Ti) components within ilmenite from the Taihe and Panzhihua granites, aHem cannot be calculated for the exception of one analysis from Panzhihua (C-37). The result is plotted on Fig. 10 and indicates a lower fO 2 path than for the Baima syenites. Since only one pair of aenigmatite-ilmenite produced results, it is uncertain how accurate the fO 2 path is. The estimated fO 2 path does pass through the ferrorichterite stability field at lower temperatures, which would be consistent with late-stage crystallization and the high Mn content of the ilmenite. For example, Mn-rich ilmenites from adamellites of California are interpreted as representing late-stage crystallization (Snetsinger, 1969) . It is likely that, given the similar bulk-rock compositions and mineralogy, the estimated fO 2 path may be applicable for the Taihe granites. Furthermore, the low Mgamphibole in the granitic plutons is consistent with experimentally derived amphiboles from reducing (fO 2 , FMQ-1) conditions (Wones, 1989; Scaillet & Macdonald, 2003 , 2006a (Fig. 6 ). The fO 2 estimates for all of the plutons are in agreement with their amphibole and bulk-rock compositions. Amphiboles with higher-Mg contents are expected to crystallize in oxidized conditions whereas lower-Mg Compositional fields based on Giret et al. (1980) and the magmatic/ subsolidus and oxidation trends from Strong & Taylor (1984) . Experimental amphiboles from Scaillet & Macdonald (2003 , 2006a are also plotted for reference. The amphiboles from Scaillet & Macdonald (2003) are grey stars at fO 2 , FMQ-1. The amphiboles from Scaillet & Macdonald (2006a) are white stars at fO 2 ¼ FMQ-1.3. (Miller et al., 2003) . Data from Shellnutt & Zhou (2007) and Shellnutt et al. (2009a) .
Mineralogy from three Permian peralkaline granitoids, SW China 57 amphiboles crystallize in reducing conditions (Wones, 1989; Scaillet & Macdonald, 2003 , 2006a . The majorelement chemistry is also in agreement with the fO 2 estimates as the compositions of the Panzhihua and Taihe plutons overlap with low fO 2 melts from Scaillet & Macdonald (2003) (Fig. 2) .
Magmatic history of the peralkaline rocks
Peralkaline silica-saturated granitoids from extensional settings may be the result of fractional crystallization of a mafic parental magma with or without crustal contamination, crustal melting, or hybrid magmas derived from the crust or mafic rocks (Martin, 2007) . Studies of the temporal, chemical and geological relationships of the Panxi peralkaline plutons and their associated layered gabbroic intrusion suggest that the gabbros and granitoids originated by fractional crystallization of a mafic parental magma (Shellnutt & Jahn, 2009 , 2010 Shellnutt et al., 2009a) . The mineral compositions however, indicate the magmatic conditions were likely different between the Baima syenites and the Panzhihua and Taihe granites. The mineral assemblage (e.g., magnetite, titanite, quartz, fluorite) and amphibole compositions from the Baima syenites suggest the parental magma was likely oxidized, had high initial F melt (wt%) and magma temperature. These features are consistent with experimental results of some A-type granitoids. Price et al. (1999) have suggested that granitic rocks with primary titanite þ fluorite indicate high-temperature conditions, shallow-crystallization environments, moderate fO 2 , subaluminous (ANCK , 1.1) compositions and F melt (wt%) . 1 wt%. Shellnutt et al. (2009a) have suggested shallow depths ($1.0 kbar) and fO 2 ¼ FMQ . 0 for the genesis of the Baima syenites. Furthermore, relatively Mgrich amphiboles are expected in higher fO 2 environments (Wones, 1989) . Since the Baima syenites are not exceptionally peralkaline ([Na þ K]/Al ¼ 1.05 AE 0.02), it is likely that early crystallization of aegirine prevented the magma from becoming too peralkaline and thus allowing Zr saturation (Scaillet & Macdonald, 2001 Della Ventura et al., 2005) .
The Panzhihua and Taihe granites likely had different magmatic conditions. Although the estimated F melt (wt%) and T Zr ( C) are slightly higher than Baima syenites, the calculated values and mineralogy (e.g., titanite AE fluorite) are still consistent with the geological conditions described by Price et al. (1999) . Shellnutt & Jahn (2009 , 2010 modelled the Panzhihua and Taihe granites with similar emplacement depths (e.g., $1.0 kbar) as the Baima pluton but with lower fO 2 (FMQ ¼ À1). The calculated log fO 2 value of the Panzhihua pluton, based on ilmenite and aenigmatite mineral pairs, suggests a lower fO 2 path and possibly reduced conditions.
The difference in oxidation state between the Panxi peralkaline plutons is significant because it was originally suggested that A-type granitoids derived by fractionation of mafic magmas are indicative of reduced conditions (Loiselle & Wones, 1979) . Our results suggest that some A-type granitoids are derived from oxidized magmas.
Conclusion
The principal magmatic amphibole in the Panxi peralkaline granitoids rocks is ferrorichterite. The compositions of the ferrorichterite are nearly identical in the Panzhihua and Taihe granites but the Baima syenites contain high-Mg ferrorichterite and richterite. The mineralogical and geochemical evidence suggests that the initial magma temperatures of the Panxi peralkaline granitic rocks were high ($860 to $940 C) and their initial F melt (wt%) were $1 wt% whereas their magmatic fO 2 conditions were different. The higher fO 2 condition is the likely reason why the Baima syenites have Mg-rich amphibole and aegirineaugite as well as the quartz-titanite-magnetite assemblage whereas the Panzhihua and Taihe granites have low-Mg amphiboles and aenigmatite and ilmenite. Our results suggest that some A-type granitoids are formed under oxidizing conditions whereas others are formed under more reducing conditions. . Estimated oxygen fugacity (fO 2 ) and temperature ( C) conditions of the Baima (solid circles) and Panzhihua (C-37) plutons (modified from Wones, 1981) . GC ¼ graphite-CO 2 equilibrium; FMQ ¼ fayalite-magnetite-quartz buffer; HD Il ¼ hedenbergite-ilmenite; TMQ ¼ titanite-magnetite-quartz; HM ¼ hematite-magnetite buffer. Rd ¼ reduction of magma by the addition of carbon; Ox ¼ oxidation of magma by addition of oxygen or hydrogen loss; Fr ¼ closed-system fractionation trend of layered basaltic magmas. Stability of ferrorichterite is taken from Mitchell (1990) .
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